Background. Streptococcus pneumoniae is a commensal colonizer of the human nasopharynx (NP) that causes disease after evasion of host defenses and dissemination. Pneumococcal strains expressing the newly identified serotype 11E arise from antigenically similar 11A progenitors by genetic inactivation of the O-acetyltransferase gene wcjE. Each 11E strain contains a distinct mutation to wcjE, suggesting that 11E strains are not transmitted among hosts despite their recovery from multiple patients with pneumococcal disease. We investigated whether the presumed lack of transmission of serotype 11E is consistent with its inability to survive in the NP.
Background. Streptococcus pneumoniae is a commensal colonizer of the human nasopharynx (NP) that causes disease after evasion of host defenses and dissemination. Pneumococcal strains expressing the newly identified serotype 11E arise from antigenically similar 11A progenitors by genetic inactivation of the O-acetyltransferase gene wcjE. Each 11E strain contains a distinct mutation to wcjE, suggesting that 11E strains are not transmitted among hosts despite their recovery from multiple patients with pneumococcal disease. We investigated whether the presumed lack of transmission of serotype 11E is consistent with its inability to survive in the NP.
Methods. More than 400 pneumococcal carriage, middle ear, conjunctiva, and blood isolates, serotyped as 11A by Quellung reaction, were reexamined for reactivity to 11A-and 11E-specific antibodies. We confirmed serotyping of isolates with sequencing of wcjE alleles.
Results. Serotype 11E strains were statistically more likely to occur among blood (4 of 15), conjunctiva (1 of 14), or middle ear (2 of 21) isolates than among carriage isolates (2 of 355). All 11E isolates contained unique mutations that putatively decrease wcjE expression.
Conclusions. The lack of a circulating 11E clone and the increased occurrence of 11E strains among disease isolates supports the idea that serotype 11E independently arises during infection after initial colonization with a serotype 11A progenitor. Factors encountered in the NP likely contribute to relative rarity of 11E among carriage isolates, whereas selective pressures in deeper tissues possibly promote 11E emergence. These findings illustrate a novel model of microevolution that transpires during the span of a single encounter with serotype 11A, highlighting the adaptability of bacterial pathogens within hosts.
Streptococcus pneumoniae is a global cause of disease that includes pneumonia, otitis media, conjunctivitis, sepsis, and bacterial meningitis. These infections are opportunistic and are not essential for the transmission or long-term survival of the bacterial species; instead, S. pneumoniae depends on continual asymptomatic colonization of the human nasopharynx (NP) for its dissemination to additional hosts. A major factor contributing to the transmissibility and pathogenicity of S. pneumoniae is its ability to express a protective polysaccharide (PS) capsule, which masks surface antigens and averts complement-mediated opsonophagocytosis [1] . Adaptive immunity targeting capsule antigens can mediate type-specific clearance, provide protection against colonization and may have contributed to the evolution of the at least 93 antigenically distinct capsule types [2] , commonly referred to as serotypes. Conventionally, serotypes are recognized on the basis of their reactivity to polyclonal factor sera, although some serotypes have been recently identified with the use of monoclonal antibodies (mAbs) [2] . Serotype 11A, which is included in the 23-valent pneumococcal PS vaccine but not in any pediatric conjugate vaccine, has become prevalent among NP carriage isolates and isolates associated with pneumococcal disease [3, 4] . Classically, serotype 11A has been defined to be reactive with polyclonal factor serum (Fs) 11c, but nonreactive with Fs 11b, 11f, and 11g [5, 6] , a serological profile herein referred to as 11b 2 c
1
. Recently, we discovered that 11b 2 c 1 disease isolates can be divided into 2 antigenically distinct subtypes, serotypes 11A and 11E [2, 7] . Compared with serotype 11A, serotype 11E characteristically displays increased affinity to the mAb Hyp11AM1 and reduced affinity to the Hyp11AM9 mAb ( Figure 1 ). The differences in mAb affinity between these 2 serotypes are attributed to the inactivation of the capsule O-acetyltransferase gene wcjE in 11E [2] and the resulting loss of O-acetylation on carbon 6 of b-galactose in the capsular PS repeat unit, which is a modification present on the 11A capsular PS [8] . At least 2 distinct putatively functional alleles of wcjE have been identified among 11A clinical isolates, with the prototype of each allele found in the GenBank sequences GU074952.1 and CR931653.1 [2, 9] .
Multiple 11A clinical isolates contain similar genomic backgrounds (ie, multilocus sequence type 62) and share identical wcjE alleles [2, 10, 11] . This is clear evidence that bacteria expressing serotype 11A are clonally related and transmissible. In contrast, all examined 11E isolates contain a unique and unrelated mutation to wcjE [2] , indicating that each strain independently evolved from an 11A progenitor. The repeated identification of serotype 11E among invasive disease isolates suggests that wcjE inactivation can be beneficial to pneumococci, though genetic analysis of multiple isolates could not confirm transmission of a single 11E clone among multiple hosts [2] . Thus, we hypothesized that 11E strains arise only after the spread of an 11A progenitor to normally sterile sites (eg, blood) from where they cannot disseminate to additional hosts, possibly due to a diminished ability of 11E to survive in the NP. To directly investigate this hypothesis, we analyzed 405 11b 2 c 1 pneumococcal isolates from the NP, middle ear (ME), conjunctiva, and blood of 2 geographically distinct populations for the expression of serotype 11E.
METHODS

Collection of Pneumococcal Isolates
We gathered 80 clinical isolates that were collected from children in studies of colonization or invasive disease in Boston between 2001 and 2009. Of these isolates, 10 were cultured from the blood of bacteremic children ,18 years of age collected during statewide surveillance for invasive pneumococcal disease in Massachusetts children, as described elsewhere [12] , and 70 were obtained from nasopharyngeal swab samples collected from Massachusetts children 3-84 months of age as part of crosssectional studies of pneumococcal carriage performed in 2001, 2004, 2007 , and 2010, also as described elsewhere [4] . An additional 325 isolates were collected from patients at the Soroka University Medical Center (Beer-Sheva, Israel) and clinical studies in the community between 2005 and 2010: 5 isolates from blood, 21 from ME effusion of otitis media cases, 14 from the conjunctiva, and 285 from NP swab samples of asymptomatic carriers. All isolates were typed 11b 2 c 1 using the Quellung reaction and were deidentified and coded before being sent to the University of Alabama at Birmingham for studies with mAbs. 
Serotyping Pneumococcal Isolates With mAbs
We used inhibition enzyme-linked immunosorbent assay with murine mAbs to type all 11b 2 c 1 isolates, as described elsewhere [2] . We coincubated lysates created from bacteria cultures with Hyp11AM1 mAb in 11E PS-coated plates or with Hyp11AM9 mAb in 11A PS-coated plates. After washing, we used alkaline phosphatase-conjugated antimouse immunoglobulin antibodies to detect bound antibody, and we recorded the optical density at 450 nm (OD 450 ) for each well. We tested serial dilutions of lysates in duplicate and graded them positive if $75% inhibition of OD 450 was achieved compared with unrelated serotype controls. If isolates inhibited both Hyp11AM9 and Hyp11AM1, they were subcloned, and we analyzed each clone independently for mAb inhibition. We typed isolates as 11A if they inhibited only Hyp11AM9 and not Hyp11AM1 (Figure 1 ). Conversely, if isolates inhibited Hyp11AM1 and displayed no or reduced Hyp11AM9 inhibition compared with 11A isolates, they were typed as 11E.
Sequence Analysis of wcjE
We evaluated all specimens that inhibited Hyp11AM1 binding and 4 representative 11A isolates for wcjE integrity by sequencing analysis. Primers used for polymerase chain reaction amplification and sequencing are listed in Table 1 . We compared and classified sequences according to 2 previously published wcjE alleles (accession numbers CR931653.1 and GU074952.1), each of which encodes a putatively functional gene product [2, 9] . All base pairs (bp) were numbered according to their position in the respective wcjE gene, with the first one in the gene labeled bp 1.
Data Analysis
We calculated an odds ratio to compare the likelihood of an 11b Figure 1A ), similar to a previously reported isolate (4011-06) containing both 11A-and 11E-expressing strains (MNZ270 and MNZ269, respectively) [2] . To investigate the presence of both serotypes, we obtained 6 different subclones from the 2 isolates. Fs analysis indicated that all subclones were 11b 2 c 1 . Interestingly, MNZ2293 yielded 2 clearly distinct clones ( Figure 1B) . Clone MNZ2293-A inhibited Hyp11AM9 but not Hyp11AM1 and was typed as 11A. However, clone MNZ2293-C inhibited both mAbs and could not be unambiguously typed as 11A or 11E. Similar to MNZ2293-C, all individual subclones of MNZ2292 inhibited both Hyp11AM1 and Hyp11AM9 ( Figure 1C ). Sequencing analysis of MNZ2292 and MZN2293-C revealed that both strains contained distinct mutations in the wcjE region that putatively affect expression of the gene, the genetic hallmark of the 11E serotype. Therefore, for analysis in this study, we concluded that a total of 4 blood isolates, including the MNZ2292 and MNZ2293, contained bacteria that express 11E capsule (Figure 2) .
We typed 353 11b Israel isolates) as 11A, whereas we typed 2 NP isolates from Israel as 11E (Figure 2 ). We typed 19 11b 2 c 1 isolates from the ME as 11A and 2 as 11E ( Figure 2 ). We typed 13 conjunctivitis isolates as 11A and only 1 as 11E (Figure 2 ). Sequencing analysis confirmed mutations to wcjE in all 11E isolates. Thus, the ratios of 11E to 11A among blood (4:11), ME (2:19), and conjunctiva isolates Figure 2 . Occurrence of wcjE-disrupted serotype by anatomical site of isolation. Odds ratios represent proportion of 11E:11A compared with equivalent proportion of nasopharyngeal isolates.
(1:13) were significantly higher than the ratio of 11E to 11A among NP isolates (odds ratio, 64. Figure 2 ).
Sequence Analysis of wcjE
To confirm the typing of various isolates as 11E, we sequenced the wcjE sequence of all strains expressing the 11E serotype and compared them with the alleles of strains expressing the 11A serotype. All sequences were deposited in GenBank (accession numbers JN315399-JN315411) and are summarized in Table 2 . As expected, the 11A strains MNZ825, MNZ2015, MNZ2293-A, and MNZ2321 each contained an intact wcjE gene. The MNZ825 and MNZ2321 wcjE alleles were both identical to most previously reported 11A wcjE gene sequences [2, 10, 11] . In contrast, MNZ2293-A and MNZ2015 each contained a wcjE allele identical to the gene sequence reported by Bentley et al [9] .
Each 11E wcjE sequence contained a distinct mutation. Despite containing different mutations, the wcjE sequences of MNZ824, MNZ829, MNZ2151, and MNZ2322 displayed obvious homology to the MNZ825 allele, whereas the sequences of MNZ2016, MNZ2292, MNZ2293-C, and MNZ2301 displayed obvious homology to the MNZ2015 wcjE allele. The MNZ2304 sequence contained a deletion of the region spanning 364 bp upstream to 1110 bp downstream of the putative wcjE start codon and, therefore, could not be assigned to either wcjE allele homology group.
Of the wcjE sequences, 4 contained premature stop codons: the MNZ2293-C sequence contained a 1 bp 502C::T nonsense mutation; the MNZ824 sequence contained a duplication of bp 360-TA-361 resulting in a premature stop codon at bp 410-TGA-412; the MNZ2151 sequence contained a thymine duplication at bp 59 resulting in a premature stop codon at bp 90-TGA-92; and the MNZ2322 sequence contained a deletion of a thymine residue at bp 902 resulting in a premature stop codon at bp 932-TAG-934. Of the 11E wcjE sequences, 3 contained transposable elements. MNZ829 and MNZ2301 contained the transposable element ISSpn5 inserted at bp 906 and bp 828, respectively. MNZ2292 contained the transposable element IS1167(r) inserted 373 bp upstream of the wcjE start codon. This latter mutation is unique in that it is not contained within the wcjE gene. As wcjE is the last gene of the 11A capsule synthesis operon, we predict that the upstream insertion affects the transcription or translation of wcjE RNA in MNZ2292. It should be noted that none of the previously reported serotype 11A or 11E sequences [2, [9] [10] [11] 13] contains IS1167(r) inserted in the putative untranslated region directly upstream of wcjE.
The wcjE sequence of the final 11E strain, MNZ2016, contains 2 independent mutations. The first is a duplication of bp 328-CCCACTCGATAC-340. The second mutation is deletion of the dinucleotide 354-TA-355. Either mutation alone would result in a premature stop codon at 350-TAA-352 or 360-TAG-362, respectively, so it is unclear which mutation originally mediated the seroswitch from 11A to 11E.
DISCUSSION
S. pneumoniae NP carriage is a prerequisite for opportunistic infection of sterile anatomical sites. Therefore, in the absence of diverging selective pressures on capsule type expression between the NP and other infection sites, the ratio of 11E to 11A among NP isolates should be reflected among disease isolates. However, we found the ratios among blood, ME, and conjunctiva isolates to be significantly higher than those among NP isolates, as shown in Figure 2 . Although more isolates from the ME and conjunctiva should be studied before a definitive conclusion can be reached, the observation with blood isolates is further supported by our previous finding of 5 distinct 11E strains among 12 randomly chosen 11b 2 c 1 blood isolates [2, 7] . Taken together, 11E is rare among 11b 2 c 1 isolates from the NP, although it is common among blood isolates (2/355 vs 9/27; P , .00004 by Fisher's exact test). All identified 11E strains are genetically unique and show no genetic evidence of interhost transmission. Therefore, the higher likelihood of identifying serotype 11E among blood isolates compared with carriage isolates is not an indication of the increased invasiveness of a transmissible clone, as could be concluded by using rubrics proposed in previous studies [14] . Instead, we propose that each 11E strain arose from an 11A progenitor by serotype conversion within the host. Some blood isolates harbor 2 subpopulations expressing either the 11A or 11E serotype ( [2] and isolate MNZ2293 of this study), indicating that serotype conversion of the infecting bacterial population was incomplete. A tempting possibility is that sampling of this infection occurred during the transition of serotype conversion, suggesting that the survival advantage offered by serotype 11E could be specific to blood. This is further supported by the fact that both serotypes 11A and 11E can be stably maintained for a long period in vitro (unpublished observation). Inasmuch as host antibodies often target acetyl groups of PS [15] [16] [17] , loss of the wcjE-associated O-acetyl PS modifications should help 11E evade antibodies in the blood of individuals that mount 11A-specific adaptive immune responses during earlier asymptomatic NP colonization. Alternatively, wcjE-mediated structures may provide targets for innate immune factors encountered during systemic infections. For instance, the PS of different pneumococcal capsule types differ in their ability to bind to a C-type lectin expressed on the marginal zone macrophages in the spleen, SIGN-R1 [18] , which is an important interaction in resisting pneumococcal sepsis [19] .
However, because we found 2 11E isolates among the NP isolates, we conclude that the conversion from 11A to 11E can also occur in the NP. Yet, 11E remains rare in the NP, suggesting that wcjE provides 11A with survival advantages in the NP. The 11E capsule type has several O-acetate substitutions putatively mediated by other capsule O-acetyl transferase genes [8] , and many pneumococcal capsule types carried in the NP have no O-acetyl groups, revealing that O-acetylation of capsular PS per se does not correlate with increased survival in the NP. However, wcjE gene product may be able to increase 11A survival in several different ways. For instance, wcjE-mediated structural effects may help pneumococci adhere to NP epithelial cells or may increase pneumococcal resistance to mucosal immunity by increasing resistance to lysozyme or to bactericidal proteins in the NP. It would be interesting to test the effect of wcjE on pneumococcal resistance to lysozyme because a wcjE-like gene, adr, has been shown to modify peptidoglycan by O-acetylation, thus conferring greater resistance to lysozyme-mediated killing [20] .
Although it is not yet known how wcjE provides survival advantages or disadvantages in different host niches, it is noteworthy that wcjE has been annotated in the cps of 13 pneumococcal serotypes (serotypes 9V, 11A, 11D, 11F, 15F, 20, 33A, 31, 35A, 35C, 42, 47A, and 47F) [6] . Among these serotypes, serotype 9V seems to alter its capsular PS exactly as serotype 11A does: Serotype 9V has a partner serotype, 9A, that arises from 9V progenitors by wcjE inactivation, and each 9A strain has a unique mutation to wcjE just as 11E isolates do [21] . Pneumococcal serotypes 15B and 15C may present a similar situation. Both cps loci contain an allele of the wcjE-like gene, wciZ, which is functional in 15B but nonfunctional in 15C. The functional switch occurs because wciZ has a short tandem TA repeat that can be slipped-strand mispaired [22] . In addition, other bacterial species have wcjE-like genes. For instance, the oafA genes of Salmonella typhimurium [23] and Haemophilus influenzae [24] are homologous to wcjE and encode O-acetyl transferases that target their respective lipopolysaccharides. The expression of oafA in H. influenza is phase variable and influences resistance to complement-mediated killing by human serum [24] . Perhaps wcjE and many wcjE-like genes play important roles in the microevolution of S. pneumoniae and other bacteria, mediating modification to their surface polysaccharides to better exploit different host niches, such as the NP and blood.
Previous studies have associated the varying levels of overall capsule expression with pneumococcal invasion from NP to a deeper tissue. Our findings indicate that S. pneumoniae capsule structure undergoes microevolution over the progression from carriage to infection of sterile fluids in response to divergent selective pressures in early mucosal colonization and later in sterile sites. However, as pneumococcus invades different host niches, its adaptation may not be limited to the capsule changes but may also involve many other genes. Indeed, the genomes of group A streptococcal populations causing pharyngitis and those causing invasive disease also reveal divergent pressures at different anatomical sites [25] . Future research should take into consideration the association between bacterial microevolution and the progression of disease, so that interventions can be better tailored to protect against the underappreciated adaptability of these pathogens. Potential conflicts of interest. The University of Alabama at Birmingham has intellectual property rights for some of the reagents used in this study, and M. H. N. and J. J. C. are employees of the university.
